Abstract No single end-use has yet been identified that is capable of consuming the projected production of ochre (mainly iron (III) oxides) from mine drainage treatment. However, the high sorption capacity of ochre for phosphorus (up to 26 mg kg 21 ) means that it could be used in constructed wetlands to enhance phosphorus removal. Laboratory batch experiments showed that coarse-grained ochre removes 90% of all phosphorus forms from sewage effluent after 15 minutes of shaking. From a larger-scale experiment, it is estimated that constructed wetlands with an ochre substrate should remove phosphorus from sewage effluent for up to 200 -300 years. The suitability of ochre for phosphorus removal is being investigated at the field scale in a wastewater constructed wetland (175 m 2 area) in Berwickshire, UK. The hydraulic and treatment performance of the wetland were monitored for 15 months prior to installation at the inlet in November 2003 of a tank containing , 1200 kg ochre. Results so far show that improved hydraulic design is required for ochre to increase the mean phosphorus removal efficiency of the system (27^28%), but potentially toxic metals (Al, Cd, Cr, Cu, Fe, Ni, Pb, Zn) have not been released from the ochre into the wetland outflow.
Introduction
Increased pollution of watercourses has occurred in industrialised countries from acidic, metal-rich mine drainage following flooding of abandoned mine workings. Mine water treatment plants (MWTPs) for remediation of polluted mine drainage encourage the precipitation of iron, thereby generating large quantities of "ochre" (i.e. Fe(OH) 3 and FeO.OH). Typically, this ochre is stockpiled pending re-use or disposal. Although a number of possible end-uses have been considered, no single end-use has yet been identified which could consume the projected future production of ochre. Phosphorus pollution from point and diffuse sources is a serious threat to the water environment in the UK and other industrialised countries. With stricter controls on sewage discharge into receiving waters (e.g., the EU Urban Wastewater Treatment Directive (Farmer, 2001) ), the development of new methods for phosphorus removal is required. Constructed wetlands are widely used for tertiary wastewater treatment but, although effective for nitrogen removal, they are less efficient in removing phosphorus (Cooper et al., 1996) . A potential use of ochre is incorporation within wastewater constructed wetland systems to enhance phosphorus removal.
Phosphorus sorption onto iron and aluminium oxides and hydroxides and calcium carbonate (all components of ochre) in natural soils and sediments is well understood (Barrow, 1983; Parfitt, 1989; Reddy et al., 1999) . Phosphorus removal from wastewater by ochre is also expected to occur by precipitation (Arias et al., 2001) , although this will probably be quantitatively less significant than removal by sorption. It is anticipated that the incorporation of ochre into constructed wetlands will improve their treatment efficiency for phosphorus, but few studies have examined the use of ferruginous materials in this regard. Wood and McAtamney (1996) showed that the use of laterite as a substrate in experimental constructed wetlands removed 95% of phosphorus from landfill leachate. The treatment of dairy farm wastewater has also been investigated in bucket-scale (9.1 l) subsurface-flow constructed wetlands with an iron ore substrate (Grüneberg and Kern, 2001) . Other ferruginous media, such as peat doped with bauxite red mud (Roberge et al., 1999) and sand and olivine coated with iron aluminium hydroxyoxides (Ayoub et al., 2001) , have been investigated for phosphorus removal from wastewater, but few trials have been conducted at the field scale.
Results are presented here from laboratory and pilot-scale studies to assess the potential of ochre for phosphorus removal from wastewater. A field-scale investigation is also reported of the performance of ochre in a constructed wetland treating municipal wastewater. The aims of this investigation are to determine: (a) whether the presence of ochre increases phosphorus removal in the wetland system; (b) if potentially toxic metals (originating from mine drainage waters) are released from the ochre into solution; (c) the fate of phosphorus removed by ochre.
Methods
Ochre precipitated in MWTPs has a very high water content (80-95%) unless it has been stored in drying beds in good weather conditions. The ochre used in the investigations reported here originated from the Polkemmet MWTP, West Lothian, UK (55.87 8N, 3.69 8W), which treats drainage from a former deep coal mine. The air-dried ochre (pH 7.2, dry bulk density 1.8 g cm 23 ) has a coarse, granular texture (median particle size diameter 0.6 mm) and a high saturated hydraulic conductivity (26-32 day
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, equivalent to coarse sand) (Bozika, 2001) . For the laboratory and pilot-scale experiments ochre was prepared by air-drying and then crushing manually. The ochre used in the field trial was excavated from the MWTP's drying bed. Inorganic phosphorus in solution was determined colorimetrically by the molybdenum blue method using a continuous flow analyser (Bran & Luebbe Autoanalyser II). Total phosphorus concentration was measured by the same method after the release of organic-bound phosphorus by acid-persulphate and UV digestion and conversion of polyphosphate to orthophosphate by acid hydrolysis at 95 8C. Organic phosphorus was calculated as the difference between the total and inorganic phosphorus concentrations.
The potential for ochre to remove phosphorus from wastewater was investigated in laboratory experiments. The maximum phosphorus adsorption capacity of the ochre was determined in triplicate by repeatedly adding concentrated phosphorus solutions (1500 and 3000 mg P l 21 ) to 1.5 kg air-dried ochre until phosphorus was no longer removed from solution. Between additions the mixture was allowed to stand for 48 hours. The solution was then drained and sampled and the ochre dried before another application of solution. Batch experiments were conducted in triplicate to examine the kinetics and removal of different forms of phosphorus (inorganic, organic, total) from wastewater by ochre. 10 g ochre was shaken in 250 ml glass jars at 200 rpm and at 20 8C with 200 ml sewage effluent collected from the tertiary treatment stage of the Leitholm Waste Water Treatment Works (WWTW) (described below). Longer-term phosphorus removal by ochre was examined by pumping artificial phosphorus solution (20 mg P l 21 ) continuously for nine months (December 1999-August 2000) onto a gently angled trough containing 10 kg ochre to simulate a horizontal flow filtration system. Outflow from the trough was sampled weekly for phosphorus determination in order to calculate phosphorus removal by the ochre. For a more detailed discussion of further laboratory experiments and methods see Heal et al. (2003 Heal et al. ( , 2004 .
Field investigation of ochre performance is being conducted in an unlined horizontal subsurface flow constructed wetland (,175 m 2 surface area, gravel substrate, planted predominantly with Phragmites australis), providing tertiary treatment for municipal wastewater at the Leitholm WWTW, Berwickshire, UK (55.69 8N, 2.34 8W). The wetland was constructed in 1998 and, since 2002, the Phragmites have been harvested every winter (February). The WWTW treats 225 population equivalents of sewage from the village of Leitholm and storm runoff from rural roads. Wastewater passes through a primary settlement tank and a stone filter before entering the wetland. It then enters a final settlement tank before discharging into the Lambden Burn. The hydraulic and treatment performance of the wetland has been monitored since July 2002 to characterise the system before and after the introduction of ochre in November 2003. The following parameters are measured hourly and logged (CR10X dataloggers, Campbell Scientific): rainfall (ARG 100 tipping bucket raingauge, Environmental Measurements Ltd.); water depth (PDCR1830 pressure transducer, Druck), pH (four PI11 combination electrodes, porous Teflon junction, AgCl reference, Sentek), Eh (four OI11 combination platinum electrodes, annular ceramic junction, AgCl reference, Sentek) within the wetland; inflow (Xytec 7050 IS survey meter, Buhler Montec, measured at 15-minute intervals from January 2003). Water samples from the wetland inlet and outlet are collected approximately fortnightly and analysed for soluble reactive and total phosphorus, total nitrogen, and total and dissolved metals (Al, Cd, Cr, Cu, Fe, Ni, Pb, Zn) by Scottish Water. Mean water residence time in the wetland was calculated from the discretised approximation to the probability density function of water residence times in the wetland determined from a bromide tracer test in June 2003 (Eq. 1). 0.974 kg Br (as KBr) was introduced over 156 seconds into the inflow in , 20 l tap water (of similar temperature to the wetland inlet water) and water samples were collected at the outlet (manually and with an automatic sampler) and analysed for bromide by HPLC (Dionex) with an anion column. The excellent recovery of bromide in the wetland outflow water (111% of added bromide) shows that no major loss of bromide occurred in the wetland during the tracer test, in contrast to other studies (e.g. Whitmer et al., 2000) .
t ¼ mean water residence time, n i ¼ bromide concentration at time i, t i ¼ time i of water sample collection after added bromide starts to appear in outflow water, Dt i ¼ time between measurement of bromide concentration at time i and time i 2 1. After the baseline monitoring period it was originally intended to incorporate ochre directly into the wetland substrate. However, it was technically simpler to include the ochre in the wetland system within a separate galvanized steel tank (13.55 m long, 0.31 m wide, 0.5 m deep) located at the inlet. The wetland inflow is pumped into a perforated subsurface pipe within the tank and flows up through the ochre to spill over the lip of the tank as sheet flow into the wetland. The tank originally contained , 1200 kg ochre but , 400 kg of this was replaced with gravel around the perforated pipe in February 2004 because short-circuiting of flow was occurring in the tank.
To investigate the fate of phosphorus removed by ochre, 12 microcosms containing , 250 g of artificially phosphorus-saturated ochre were placed at three locations within the wetland in June 2003. One microcosm from each location is removed periodically and the different phosphorus forms within the ochre are determined by a five-step extraction procedure (modified from the Williams protocol). Extraction is performed on replicate samples in addition to blanks and a certified river sediment reference material (BCR-684), and yields five phosphorus fractions: iron-bound bioavailable P (1 mol l 21 NaOH), partly available inorganic and organic P (1 mol l 21 HCl þ calcination for organic P), Ca-bound non-available P (1 mol l 21 HCl), total P (3.5 mol l 21 HCl þ calcination) (Ruban et al., 1999) . The availability and rate of loss of phosphorus removed by ochre is assessed by comparing the amounts of different phosphorus forms in the ochre recovered from the microcosms with those in the original phosphorus-saturated ochre.
Results and discussion
The maximum phosphorus adsorption capacity of ochre from the Polkemmet MWTP is considerably higher than those measured in other adsorbents (Table 1) . Laboratory batch experiments with sewage effluent from Leitholm WWTW (pH 6.6) demonstrated that ochre is effective at removing all forms of phosphorus (total, inorganic and organic) from wastewaters. The sewage effluent used contained 5.28, 3.50 and 1.77 mg l 21 total, inorganic and organic phosphorus, respectively. 75% and .90% of all phosphorus forms were removed after 5 and 15 minutes shaking, respectively. In the longer-term trough experiment with artificial phosphorus solution, the effectiveness of phosphorus removal by ochre remained consistently high, with the concentration of applied phosphorus dropping from 20 mg l 21 to , 1 mg l 21 throughout the period (Figure 1 ). Less than one-third of the phosphorus removal capacity of the ochre in the trough was used after nine months, indicating that it is a suitable medium for long-term phosphorus removal in filter systems. From the trough experiment results the operational lifetimes of ochre-based wetlands for wastewater treatment were estimated to be decades longer than for other wetland substrates that have been tested for phosphorus removal ( Table 2 ). The measured phosphorus removal was used for these calculations as the adsorption capacity estimated from Langmuir isotherms often correlates poorly with actual removal capacities (Arias et al., 2001) .
The mean inflow (mean of fortnightly periods between water sampling, January 2003 -March 2004) to the Leitholm constructed wetland, 0.787^0.737 l s 21 , showed that it is variable due to the input of storm runoff from rainfall events. The mean total phosphorus load on the wetland was 2.6^4.3 g P m 22 day 21 during this period and the mean total phosphorus concentration in wetland inlet samples was 6.7^8.7 mg P l (Table 3) shows that although phosphorus removal in the wetland system did not increase, there was no release of iron or other potentially toxic metals which could have adsorbed onto the ochre in the MWTP (no significant differences between before and after concentrations at P , 0.05 (2-sample t-test)). The efficiency of the wetland in removing 
Comparison of total phosphorus concentrations between the wetland inlet and outlet and the tank outflow (Figure 2 ) confirms that most of the phosphorus removal in the system is occurring in the wetland rather than in the tank. More detailed spatial sampling and analysis of surface waters in the tank and the tank overflow showed that the reason for the limited phosphorus removal is short-circuiting of flow so that the full phosphorus From data in Drizo (1998) removal capacity of the ochre is not utilised (Figure 3 ). The theoretical contact time of the mean inflow (0.787 l s 21 ) with ochre in the tank was 18 minutes for the original tank design and 15 minutes for the revised tank design (estimated from the measured ochre porosity = 0.7). From the laboratory batch experiments both these contact times should be sufficient for removal of 90% of phosphorus from the wastewater, if it is distributed throughout the tank. Although shaking may have increased phosphorus removal in the batch experiments, other experiments in which 160 ml of 1 and 5 mg l 21 soluble reactive phosphorus solutions were added to 200 g Polkemmet ochre, stirred once and then sampled at intervals, found that phosphorus concentrations in the supernatant decreased to , 0.01 mg l 21 within 8 minutes. The longer mean residence time of water in the constructed wetland (estimated to be 26 hours from the bromide tracer test) provides more opportunity for phosphorus removal than in the tank.
Results from the microcosms of artificially phosphorus-saturated ochre recovered so far from the wetland (Table 4) show that the net loss of total phosphorus from the ochre in six months was 33% of the initial concentration. The greatest mean phosphorus losses were in the bioavailable Fe-bound (61% loss) and partly available inorganic (29% loss) forms, compared to the partly available organic (8% loss) and non-available Ca-bound (2 1% loss) forms, suggesting that most of the phosphorus originally removed by ochre is retained in a stable form in the pH and Eh conditions of subsurface horizontal flow constructed wetlands for wastewater treatment. 
Conclusions
Laboratory experiments have demonstrated that ochre, formed as a by-product from mine water treatment, has a high capacity for phosphorus removal from sewage effluent. Ochre is therefore proposed as a substrate to enhance phosphorus removal capacity in constructed wetlands for wastewater treatment. Field-scale testing of ochre within one such system showed that careful hydraulic design is necessary to enhance phosphorus removal, as well as using a substrate with a high phosphorus removal capacity. The introduction of ochre into the constructed wetland system had no apparent adverse environmental effects: no mobilisation of potentially toxic metals occurred and most of the phosphorus removed by ochre was retained and not subsequently re-released. Ochre has the potential as a substrate to enhance the phosphorus removal capacity of constructed wetlands but further work is required on the hydraulic design of ochre-based wetlands to maximise their phosphorus removal capacity. Complementary studies have demonstrated that phosphorussaturated ochre can be added to agricultural soils as a fertiliser with no adverse effect on soil quality and crop yield (Dobbie et al., in press ). The use of ochre for removal of phosphorus in constructed wetlands is particularly attractive not only because it has a higher capacity for phosphorus removal than other substrates, but also due to the sustainability advantage of using a by-product of treating one form of water pollution (i.e. mine drainage) to address another water problem (eutrophication). 
